The internal transcribed spacer regions of nuclear ribosomal DNA, trnL and trnL-F chloroplast genes of Cardamine amaraeformis Nakai (Brassicaceae) were sequenced and analyzed with the sequences of related Cardamine sp available in GenBank to detect the pattern of C. amaraeformis evolutionary differentiation. C. amaraeformis, which is endemic to South Korea, formed a clade with Cardamine pedata (69 bootstrap support) in all trees resulting from combined sequence data analyses of internal transcribed spacer, trnL and trnL-F genes. The phylogenetic analysis also clearly revealed that C. amaraeformis is distinct from the morphologically similar Cardamine scutata.
INTRODUCTION
The genus Cardamine L. (family Brassicaceae) comprises approximately 200 species and has indigenous taxa on all continents except Antarctica (Al-Shehbaz, 1988; Lihova and Marhold, 2006) . In Korea, the genus Cardamine is represented by 16 species, i.e., C. parviflora, C. impatiens, C. fallax, C. amaraeformis, C. flexuosa, C. scutata, C. komarovi, C. bellidifolia, C. changbaiana, C. pratensis, C. glechomifolia, C. leucantha, C. koreana, C. prorepens, C. yezoensis, and C. lyrata. C. amaraeformis is known in Korean as Kkot-hwang-sae-naeng-i. C. amaraeformis is endemic to Korea, and was taxonomically described by Nakai in 1912 (see Park, 2007) . This species has been morphologically characterized as follows: cauline leaves usually with two pairs of leaflets; leaflets oblong or oval, nearly equal in size and shape, margins undulate or sinuate; petals obovate, white or pink, distinctly netted veined, 7-12 mm long. A detailed perusal of the literature on the genus Cardamine reveals that the species status of C. amaraeformis is questionable, and the relationships within the genus have not yet been established (Ali MA, personal observation). Morphologically, C. amaraeformis is very similar to C. scutata. Hence, this study was undertaken to compare the internal transcribed spacer (ITS) sequences of nuclear ribosomal DNA and chloroplast trnL and trnL-F in C. amaraeformis, C. scutata and other related species of the genus Cardamine to detect patterns of evolutionary differentiation.
MATERIAL AND METHODS
Fresh leaf material of C. amaraeformis was collected from the wild during plant exploration in South Korea (Voucher Changyoung KRIB0023213). Total DNA was extracted using a DNeasy Plant Mini Kit (QIAGEN, Amsterdam, The Netherlands). ITS sequences of nuclear ribosomal DNA, trnL and trnL-F genes were amplified via the polymerase chain reaction (PCR) using AccuPower HF PCR PreMix (Bioneer, Daejeon, South Korea). One round of amplification consisted of denaturation at 94°C for 5 min followed by 40 cycles of denaturation at 94°C for 1 min, annealing at 49°C for 1 min and extension at 72°C for 1 min, and a final extension at 72°C for 5 min. The PCR products were purified with a SolGent PCR Purification Kit-Ultra (SolGent, Daejeon, South Korea) before sequencing. The purified fragments were directly sequenced using dye terminator chemistry following the manufacturer protocol. Cycle sequencing was conducted with the primers used for amplification, BigDye version 3 reagents and an ABI PRISM 3730XL DNA Analyzer (Perkin-Elmer, Applied Biosystems, USA) following manufacturer instructions. Cycling conditions included initial denaturing at 94°C for 5 min, followed by 30 cycles of 96°C for 10 s, 50°C for 5 s, and 60°C for 4 min. Each sample was sequenced in the sense and antisense direction. The sequences were analyzed with ABI Sequence Analysis and the ABI Sequence Navigator software (Perkin-Elmer/Applied Biosystems). Nucleotide sequences of both DNA strands were obtained and compared to ensure accuracy. For the phylogenetic analysis of ITS, trnL and trnL-F sequences of C. amaraeformis, 38 related species of Cardamine and 2 outgroup sequences of Barbarea vulgaris and Rorippa divaricata were retrieved from the National Center for Biotechnology Information GenBank database (www. ncbi.nlm.nih.gov; Table 1 ).
Sequence alignments were performed using ClustalX version 1.81 (Thompson et al., 1997) . Sequence alignments were subsequently adjusted manually using BioEdit (Hall, 1999) . Gaps were treated as missing data in phylogenetic analyses. All sequences generated in the present study were deposited in GenBank, and the GenBank accession numbers are included in Table 1 . Molecular evolutionary analyses were conducted using the maximum parsimony method implemented in Molecular Evolutionary Genetics Analysis (MEGA) version 4 (Eck and Dayhoff, 1966; Nei and Gojobori, 1986; Kumar and Gadagkar, 2001; Tamura et al., 2004 Tamura et al., , 2007 . The maximum parsimony tree was obtained using the close-neighbor-interchange algorithm (Nei and Kumar, 2000) with search level three (Nei and Kumar, 2000; Tamura et al., 2007) , in which the initial trees were obtained with the random addition of sequences (10 replicates). The codon positions included were 1st+2nd+3rd+noncoding. All positions containing gaps and missing data were eliminated from the dataset (Complete Deletion option). A total of 1098 positions were included in the final dataset, of which 122 were parsimony informative.
RESULTS AND DISCUSSION
The amplified regions of ITS (ITS1-5.8S-ITS2), trnL, and trnL-F were 619 (GC content 54%), 401 (GC content 34%), and 288 bp (GC content 25%) long, respectively. The phylogenetic trees resulting from combined sequence data analyses of the ITS, trnL, and trnL-F genes clearly reveal that C. amaraeformis forms a strong clade with C. pedata (69 bootstraps) and is distinct or separate from the clade in which the morphologically similar C. scutata is nested. The bootstrap strict consensus tree of 14 maximally parsimonious trees of Cardamine is shown in Figure 1 . The genus Cardamine shows great morphological and karyological diversity and a complex evolutionary history strongly affected by both historical and more recent reticulation events (Lihova and Marhold, 2006) that provide an opportunity to study mechanisms of plant diversification. Major centers of diversity, assessed by species richness and endemism, occur in the Far East and the Himalayas, with approximately 70 Cardamine taxa reported (Al-Shehbaz, 1988) . Several species have been reported to have spread as weeds beyond their natural ranges after introduction to distant areas and even different continents. Apart from those of the European species, most of which have been thoroughly investigated taxonomically (Lihova and Marhold, 2006) , the taxonomies of species from other continents -South America (Sjostedt, 1975) , Australia and New Zealand (Hewson, 1982; Webb et al., 1988) , and eastern Asia (Ohwi, 1984; Zhou et al., 2001) -are extraordinarily complex and remain in many cases, controversial and unresolved. The phylogenetic analysis also clearly revealed that C. amaraeformis is distinct from the morphologically similar Cardamine scutata. This report is the first to recognize C. amaraeformis as a distinct species based on cladistic analysis of the ITS region of nuclear ribosomal DNA, trnL and trnL-F chloroplast gene sequences.
